Early nodulin-like proteins (ENODLs) are chimeric arabinogalactan proteins (AGPs) related to the phytocyanin family. Although they show similarities with other phytocyanins, they lack amino acid residues for copper binding. Despite the existence of other phytocyanins, information about the function of ENODLs in plants is largely lacking. In this study, we characterized ENODL genes consisting of 22 members in Arabidopsis thaliana. Structure prediction indicated that most ENODLs are glycosylphosphatidylinositol-anchored chimeric AGPs. Expression analysis by real-time reverse transcription polymerase chain reaction indicated that most ENODL genes showed spatially specific expression, mainly in the flower organs. Furthermore, we obtained and analyzed 26 homozygous T-DNA insertion lines of 15 ENODL genes, but novel biological roles were not uncovered, probably due to functional redundancy. The detailed phylogenetic and expression analyses and characterization of the available insertion lines in this study might facilitate future studies to elucidate the biological roles of ENODLs.
Arabinogalactan proteins (AGPs) are a highly diverse class of extracellular glycoproteins containing multiple large type II arabinogalactan (AG) polysaccharide chains that generally comprise >90% of their molecular weight. 1, 2) It has been found that C-terminal hydrophobic regions of most AGPs are replaced by a lipid moiety, the glycosylphosphatidylinositol (GPI) anchor, 3) which allows AGPs to exist in a lipid raft domain on the plasma membrane. 4) Several possible roles for AGPs have been proposed, including cell division and pattern formation, pollen tube elongation, and plant-microbe interactions.
2) Genome-wide analysis is the first step and a useful strategy in elucidating the biological roles of the members of this large gene family. 5, 6) Early nodulin-like proteins (ENODLs) were identified as a protein reactive to -Yariv reagent, a synthetic chemical that binds specifically to AGPs, from Arabidopsis thaliana 6) and Oryza sativa, 7) and so these ENODLs were classified as chimeric AGPs. ENODLs are encoded by a multigene family related to phytocyanins (plantacyanins, stellacyanins, and uclacyanins), the ancient, plant-specific subfamily of blue copper (Cu) proteins. 8, 9) All known phytocyanins have secretion signals that are necessary for them to localize in an extracellular space. ENODLs have structures similar to phytocyanins, but they lack amino acid residues that coordinate Cu in the plastocyanin-like (PCNL) domain, so they are believed to be involved in unknown processes without binding Cu. 7, 10) It has also been reported that some stellacyanins and uclacyanins have an AGP-like domain after their PCNL domains. 3, 9) To date, there have been many reports that describe the biochemical characteristics of other phytocyanins, with much attention to their spectroscopic and redox properties or functions in planta, 9, [11] [12] [13] but there have been few reports on the ENODL family. In legumes, ENODLs are expressed during the early stages of root nodule development, and so they are thought to have a role in cell differentiation and cell wall reorganization during nodulation. 10, [14] [15] [16] Recently, a sieve element-specific ENODL was reported to be involved in determining reproductive potential in A. thaliana. 17) ENODL genes were also expressed specifically in apical buds in Pharbitis nil 18) and aleurone layers in O. sativa, 7) suggesting that ENODLs have unknown functions not only in the roots of legumes during nodulation, but also in various stages of plant development. In this study, to elucidate the biological roles of ENODLs, 22 genes encoding ENODL were characterized from A. thaliana. Real-time reverse transcription polymerase chain reaction (RT-PCR) analysis revealed that the various A. thaliana ENODL (AtENODL) genes displayed distinct expression patterns in A. thaliana tissues. Furthermore, functional analysis of T-DNA insertion lines of the AtENODL family was performed.
Materials and Methods
Plant materials and growth conditions. A. thaliana ecotype Columbia was used as wild type (WT) plant. All the mutants used here were ecotype Columbia. Seeds were germinated on MS-agar plates after chilling at 4 C for 2 d. Seedlings (2 weeks old) were transferred to rockwool bricks (Nittobo, Tokyo) and cultivated in a temperature-controlled chamber (Biotron LH200 or KPLC-1400 II CT; NK System, Osaka, Japan) with 1,000-fold diluted Hyponex (Hyponex Japan, Osaka, Japan) once a week at 23 C (50-60% humidity) under continuous white light (25- 3, 12) was performed to screen the protein database (TAIR8 proteins) accessible at TAIR (http://www.arabidopsis.org/). The PCNL domain was extracted using InterProScan (http://www.ebi.ac.uk/interpro/).
Multiple sequence alignment and phylogenetic analysis. A multiple alignment of the sequences encoding the PCNL domain was constructed with ClustalX 19) (version 2.0.9; http://www.ebi.ac.uk/ Tools/clustalw2/). The alignment parameters were as follows: pairwise alignment parameters (slow-accurate, gap opening = 10, gap extend = 0.1, protein weight matrix = Gonnet 250), multiple alignment parameters (gap opening = 10, extension penalties = 0.2, delay divergent sequences = 30%), protein weight matrix = Gonnet series, protein gap parameters (residue specific penalties = on, hydrophilic gap penalties = on, gap separation distance = 4, end gap separation = off). A neighbor-joining tree was generated and bootstrapped (1,000 replicates) using ClustalX. The Njplot program 20) was used to visualize the tree.
Bioinformatic analysis of the structure of ENODLs and prediction of N-and O-glycosylation motifs. The signal peptide was predicted with PSORT old version for plants 21) (http://psort.nibb.ac.jp/) and SignalP (http://www.cbs.dtu.dk/services/SignalP-2.0/). GPI modification was predicted using Big-PI 22) (http://mendel.imp.univie.ac.at/sat/ gpi/plant server.html) and PSORT. N-glycosylation sites were predicted using NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/ NetNGlyc/).
Putative AG glycomodules were predicted following Schultz et al., 5) Tan et al., 23) and Schultz et al. 24) In brief, Pro residues can be hydroxylated and arabinogalactosylated if they are repeated in a noncontiguous way in motifs as [Ala/Ser/Thr/Gly]-Pro-X(0,10)-[Ala/Ser/Thr/Gly]-Pro (two consecutive Pros are not separated by more than 11 amino acid residues). Putative extensin glycomodules (Ser-Pro 2-4 ) were predicted following Shpak et al. 25) In this study, we also defined [Ala/Ser/Thr/Gly]-Pro 3-4 motifs as putative AG glycomodules, because Pro residues in Ser-Pro 3-4 motifs have been found to be incompletely hydroxylated and to become noncontiguous Pro residues, and noncontiguous Ala/Thr/Gly-Pro motifs as well as SerPro motif have been found to be AG glycomodules in A. thaliana.
23-26)
Real-time RT-PCR. Total RNA was isolated and purified using RNeasy (Qiagen, Hilden, Germany) and RNase-free DNase sets (Qiagen). The PrimeScript RT reagent Kit (Takara, Shiga, Japan) was used to generate first-strand cDNA. Real-time RT-PCR was performed as reported previously.
27) The primers used are described in Supplemental 28) and Syngenta CS lines 29) ), GABI-Kat 30) (GABI lines), and the European Arabidopsis Stock Centre (NASC) (SM lines 31) and SLAT lines).
Correct insertion of the T-DNA in these lines was determined by PCR, as described below, not by the plant selectable marker giving antibiotic resistance, because most of the T-DNA insertion lines used in this study showed silencing of the marker genes. Genomic DNA was isolated by Ampdirect (Shimadzu-Biotech, Kyoto, Japan) from individual plants that belonged to the respective T-DNA insertion lines, and was used in two separate PCR reactions with different primer sets following protocols of SALK T-DNA Primer Design (http: //signal.salk.edu/tdnaprimers.html) (Supplemental Table 2 ; see Biosci. Biotechnol. Biochem. Web site). One contained a gene-specific primer and a T-DNA-specific primer to confirm the presence of the T-DNA insertion, and the second contained two gene-specific primers spanning the proposed insertion site to check for non-disrupted alleles. Plants for which the PCR with a gene-specific primer and a T-DNA-specific primer yielded a product while the PCR with the two gene-specific primers did not yield a product were considered homozygous T-DNA insertion lines. These lines were confirmed by PCR genotyping using more than five individual plants of the next generation. Of homozygous atenodl11-1 plants, some showed reduced stature, but this phenotype was not observed in all homozygous atenodl11-1 plants, suggesting that reduced plant height was not caused by T-DNA insertion in AtENODL11 (data not shown).
Results
Identification and structure analysis of AtENODLs To identify AtENODLs, a BlastP search using the PCNL domain of 28 known A. thaliana phytocyanins was performed (see ''Materials and Methods''). Among the proteins that had significant similarities with known phytocyanin sequences, we selected proteins having an N-terminal secretion signal and identified all the members of the A. thaliana phytocyanin family (see Discussion). We defined ENODLs as proteins having one PCNL domain lacking the amino acid residues necessary for Cu binding. After these processes, we identified 22 ENODLs in total, although previously published studies revealed 16 in A. thaliana 3, 17) ( Table 1) . We identified AtENODL8, AtENODL10, AtENODL19, AtENODL20, AtENODL21, and AtENODL22 as new ENODLs. Khan et al. 17) classified AtENODL20/At2g27035 as a stellacyanin, but we classified it as an ENODL, because it does not have a His residue involved in Cu binding (Table 1) . We also found two new phytocyanins (At1g45063 and At3g53330) that have secretion signals and two PCNL domains lacking amino acid residues for Cu binding.
Structure analysis and phylogenetic relationships to other phytocyanins of the AtENODLs
Next, the structure of each AtENODL was determined (Fig. 1A , Table 1, Supplemental Table 3 ; see Biosci. Biotechnol. Biochem. Web site). Eighteen out of 22 ENODLs were predicted to be GPI-anchored proteins, suggesting that these have functions at the plasma membrane or extracellular matrix. Eighteen ENODLs had putative AG glycomodules in the AGP-like domain, which is rich in Pro, Ala, Ser, and Thr, following the PCNL domain, indicating that they might be chimeric AGPs (Fig. 1A , Table 1, Supplemental Table 3 ). In addition to the putative AG glycomodules, most ENODLs (19 out of 22) had N-glycosylation sites in the PCNL domain (Table 1 ). Four ENODLs (AtENODL2/5/6/9) have not only putative AG glycomodules but also putative extensin glycomodules (sites for the addition of arabinooligosaccharides) in the AGPlike domain. Four ENODLs (AtENODL16/17/21/22) had no putative O-glycosylation modules, but three of them had a short C-terminal domain containing Pro 2-5 motifs, indicating that these ENODLs are also O-glycosylated (Table 1, Supplemental Table 3 ).
To determine the evolutionary relationships of A. thaliana phytocyanins, a phylogenetic tree was built from a multiple alignment of the PCNL domain of phytocyanins (Figs. 1B, 2 ). Most ENODLs fell into two clades, clade A (bootstrap value 69%) and clade B (99%). Those in clade A were evolutionarily distinguished from other Cu binding proteins (Fig. 1B) . As shown in Fig. 2 , the Cys residues involved in the disulfide linkage are highly conserved in the A. thaliana phytocyanin family, indicating that this linkage is important to the structure of the PCNL domain of the phytocyanin family, including ENODLs. Substitution of amino acid residues (His, Cys, His, and Gln/Met) involved in Cu binding 9) varied among the ENODLs (Fig. 2) . Two or three out of four conserved amino acid residues were substituted in 16 ENODLs, and all four residues were substituted in five ENODLs (AtENODL9/ 11/12/13/22) (Fig. 2) . Only AtENODL20 had three conserved residues (Fig. 2) . Most ENODLs in clade A had a similar substitution patterns (1st His ! Asp, 2nd Cys ! Ser, 3rd His ! Asn, 4th Gln/Met ! Glu) confirming that the ENODLs in clade A were evolutionarily distinguished from other phytocyanins (Fig. 2) . We further studied the ENODLs in clade A in this study.
AtENODL genes have distinct expression patterns in A. thaliana tissues Because there are many members of the AtENODL family, it is important to obtain the general expression patterns of each AtENODL gene. To determine the tissue-specific expression pattern of AtENODL genes in clade A and AtENODL18, which is closely related to those in clade A (Fig. 1) , real-time RT-PCR analysis was done using cDNA prepared from 7-d-old seedlings and various parts of 8-week-old plants (Fig. 3) . Although several genes (e.g., AtENODL1/2/8/9/18) were expressed in various plant tissues, the AtENODL genes in clade A were specifically expressed in only one or a few organs, especially in the flower organs (Fig. 3) . For example, eight AtENODL genes (AtENODL3/4/6/7/ 10/11/12/21) were mainly expressed in flowers, suggesting that they play a role in reproductive function (see ''Discussion''). In our analysis, AtENODL5, which has been reported to be a pollen-specific GPI-anchored protein at both the mRNA and the protein level, 32) was also expressed in the rosette leaves, suggesting that the expression of some AtENODL genes is temporally regulated during various developmental stages.
There were strong positive correlations among the similarities of the PCNL domains (Figs. 1, 2 ) and the organ-specific expression patterns in some pairs of AtENODL genes (Fig. 3) . For example, AtENODL3 and AtENODL4 were highly homologous ENODLs in the AtENODL family at the protein level, and both were expressed specifically in flowers (Fig. 3) . Similar cases were observed as between AtENODL11 and AtENODL12 (flowers) and between AtENODL14 and AtENODL15 (whole seedlings, roots, and flowers) (Fig. 3) .
Genome-wide collection of homozygous T-DNA insertion mutants of AtENODL genes and phenotypic analysis of growth and development
Next we obtained T-DNA insertion lines for the AtENODL genes in clade A for further analysis. Insertion lines were selected based on the position of T-DNA insertion within the exon of the coding sequence to enhance the likelihood of successful disruption of gene function. However, when this was not available, lines with T-DNA insertion in the intron, promoter, or terminator region were chosen. For 15 AtENODL genes, except for AtENODL21 in clade A, 26 T-DNA lines 
The ENODLs in bold were predicted by Borner et al.
3)
b At1g64640 was predicted to be a GPI-anchored unknown/hypothetical protein by Borner et al.
c Amino acid length of ENODLs. d N-terminal signal sequence (þ, exist) predicted by PSORT 21) and SignalP. e GPI anchor addition predicted by BigPI 22) and PSORT (BP, predicted by both BigPI and PSORT; P, by only PSORT; B, by only BigPI; À, not predicted). Although At1g64640 and At2g27035 were not predicted to be GPI-anchored proteins, they had a hydrophobic C-terminal region. f Existence of putative N-glycosylation sites (þ, exists; À, does not exist). g Existence of putative AG glycomodule (þ, exists; À, does not exist). h Existence of putative extensin glycomodule (þ, exists; À, does not exist). i Amino acid residues at the positions of conserved residues (H, C, H, Q/M) involved in copper binding (Fig. 2) . Amino acid residues in bold are conserved residues for copper-binding.
were confirmed to harbor the T-DNA insertions in the predicted genome positions by genotyping using PCR. We prepared homozygous T-DNA insertion lines from these 26 lines (see ''Materials and Methods'') ( Table 2) . Then we examined the phenotypes of the collection of homozygous T-DNA insertion lines under normal growth conditions with respect to plant growth and development. We did not obtain obvious visual phenotypes from homozygous T-DNA insertion lines at any developmental stage, except for the insertion lines described below.
For atenodl9-2 (SALK 126416), with an insertion in the second exon of AtENODL9, homozygous insertion lines showed severe morphological abnormality in the leaves, and most of them died at the seedling stage (Supplemental Fig. 1 ; see Biosci. Biotechnol. Biochem. Web site). It has been reported that only heterozygous lines were identified for SALK 126416. 17) We obtained homozygous insertion lines, although only a small proportion of them bolted and produced fruits (Supplemental Fig. 1) . Recently, AtENODL9 was reported to be a sieve element-specific ENODL, and homozygous A, Protein backbone organization of AtENODLs. After the signal peptide is removed, the C-terminal GPI anchor additional signal is cleaved and replaced by a GPI anchor. Pro residues hydroxylated to Hyp are modified by the O-linked carbohydrates in the AGP/Extensin-like domain. B, Bootstrap values are indicated only for those branches where they exceeded 50%. The phylogenetic tree was built from multiple alignment of the PCNL domains of phytocyanins identified in this study. The domain closest to the N terminus is indicated by N and the second by C for an unknown family. The lipid transfer domain (PF00234) of At4g08670 was used as the outgroup in all tests.
atenodl9-1 plants showed a significant reduction in the number and biomass of the siliques, 17) so we analyzed additional homozygous T-DNA insertion lines of this gene. First we examined the AtENODL9 transcript levels in the seedlings of three homozygous T-DNA insertion lines. Real-time RT-PCR analysis of AtENODL9 expression confirmed that atenodl9-1 is a knocked-down allele (about 20% of the transcript levels of WT plants), although it has been reported that the AtENODL9 transcript was not detected in atenodl9-1, 17) and that atenodl9-2 and atenodl9-3 are null alleles (Fig. 4A) . This result and complementation analysis (data not shown) indicate that the phenotype observed in the atenodl9-2 plants was not caused by T-DNA insertion in AtENODL9. Curiously, we did not observe any reduction in reproductive potential in either the atenodl9-1 or the atenodl9-3 line contrary to a report by Khan et al., 17) under our growth conditions (Fig. 4B , see ''Discussion'').
Similarly, the expression analysis of three T-DNA insertion lines and genetic crosses were performed for AtENODL5, because atenodl5-2 (SALK 094988) showed abnormally low frequency of progeny with homozygous T-DNA insertion. Again we concluded that the phenotype was not caused by disruption of AtENODL5 by experiments using other T-DNA insertion lines (data not shown).
Discussion
In this study, we investigated the A. thaliana phytocyanin family and identified 22 ENODLs including six new ENODLs (Table 1) . We did not identify new proteins categorized in the stellacyanin, the uclacyanin, or the plantacyanin family (four stellacyanins, eight uclacyanins and one plantacyanin) 3, 12) (Figs. 1B, 2 ), indicating that these 13 proteins are A. thaliana phytocyanins having the PCNL domain with conserved Cu binding sites. We are confident that we have identified all the members of the A. thaliana phytocyanin family (37 proteins in this study), because proteins predicted to contain at least one PCNL domain resulted in 42 proteins at the TAIR database, five of which did not have an N-terminal signal peptide (At3g17675, At3g28958, or At4g01380) or the typical structure of phytocyanins (Gly-rich protein-type, At2g15770, and At2g15780) (data not shown).
Eighteen out of the 22 ENODLs had putative AG glycomodules, indicating that they are chimeric AGPs. The importance of AG polysaccharides in the functioning of AGPs was suggested. For example, several possible roles of AGPs have been proposed, including seedling growth, pollen tube elongation, embryogenesis and cell proliferation, based on the effects of -Yariv reagent that binds specifically with AG polysaccharides of AGPs.
1,2) It was also reported that the activity for tracheary element differentiation of xylogen protein, a chimeric AGP (lipid transfer protein-type), was not observed when AG polysaccharides were deglycosyled. 33) It is interesting that the differences in the glycosylated state of ENODLs affect their functioning, because some ENODLs (AtENODL2/5/6/9) had not only putative AG glycomodules but also putative extensin glycomodules for the addition of arabinooligosaccharides (Table 1) .
By phylogenetic analysis, it was found that AtENODLs were to be divided into two subgroups; those in clade A appeared to be evolutionarily distinguished from the other Cu binding proteins (Fig. 1B) . Due to the low sequence similarity of the AGP/ extensin-like domains of ENODLs (Supplemental Table 3 ), stellacyanins, and uclacyanins, we used only PCNL domains in phylogenetic analysis. Besides the differences between programs used, this might be the reason our phylogenetic tree was slightly different from those of Khan et al.
17) The amino acid residue at the 4th conserved ligand for Cu binding in 11 out of 16 ENODLs in clade A was Gln, indicating that the ENODLs in clade A might have been divided from stellacyanins, whereas the ENODLs in clade B might have been divided from the plantacyanin or uclacyanin family because their 4th conserved ligands are Met (Fig. 2) .
Our expression analyses indicated that many AtENODL genes were expressed in the flower organs (Fig. 3) . The expression of several AtENODL genes in flowers has been reported, depending on microarray analysis and promoter-reporter analysis (Table 3) . 17, 32, [34] [35] [36] Different results were reported for the expression patterns of AtENODL12, probably because of differences in the reporter gene or the promoter size used to create the promoter-reporter fusion. 35, 36) Chemocyanin, a plantacyanin, was identified as an extracellular diffusible chemotropic factor in the This shows the relative expression of the AtENODL genes of clade A. Real-time RT-PCR was performed using cDNA prepared from pools of several independent seedlings (S) and adult plants (R-Sd). S, whole seedlings; R, roots; RL, rosette leaves; CL, cauline leaves; St, stems; F, flowers; Sd, seeds. The relative expression level of each transcript was normalized with Actin7 (Act7, At5g09810). Values are averages of two experimental replicates, and error bars represent SD. The expression of At4g26010 is shown as a root-specific expressed gene, of At1g50310 as a flower-specific expressed gene, of At2g15010 as a seed-specific expressed gene (they were selected from AtGenexpress database (http: //www.weigelworld.org/resources/microarray/AtGenExpress)), and of ubiquitin-conjugating enzyme (UBC, At5g25760) as a ubiquitously expressed gene.
lily stigma, 11) and A. thaliana plantacyanin was also involved in reproduction.
12) The specific expression of many AtENODL genes in reproductive tissues motivates us to believe that ENODLs might work as signaling molecules, because they have suitable characteristics for mobile signals (relatively small, GPIanchored glycoprotein).
Our characterization of the single homozygous T-DNA insertion lines of AtENODLs did not identify any obvious phenotypes under normal growth conditions. Also we did not obtain any obvious phenotypes from five double mutants (atenodl1-1/atenodl2-2, atenodl3-1/atenodl4-1, atenodl5-2/atenodl6-1, atenodl11-1/atenodl12-1 and atenodl14-2/atenodl15-1) prepared based on similarity of the PCNL domain (data not shown). There might be several reasons novel biological roles have not been identified for AtENODL genes. First, the lack of mutant phenotypes might be explained by functional redundancy. It is probable that less similar genes have redundant functions. For example, we did not obtain phenotypes from the atenodl11-1/atenodl12-1 double mutants, since AtENODL11 and AtENODL12 showed high similarity (70% identity) and were similarly expressed in flowers and fruits (Fig. 3) . AtENODL11 and AtENODL12 have been reported to be expressed in the embryo sac, just like AtENODL1, AtENODL7, and AtENODL16 35) (Table 3) . Thus a more precise expression property might have to be considered for functional redundancy. Likewise, the expression patterns of AtENODL13 and AtENODL14 (61% identity) were very similar to AtENODL15 (Fig. 3) . These three ENODLs belong to neighboring branches in the phylogenetic tree (Fig. 1B) , and have similar structures in that all have putative C-terminal GPI anchor additional signals and putative AG glycomodules (Fig. 1A , Table 1 ), suggesting that there is functional redundancy among more than two AtENODLs. 17) Second, ENODLs might be involved in plant development under altered conditions including stress or pathogen response. It appears that expression data publicly available are useful tools to investigate possible biological processes in which ENODLs are involved. For example, we obtained expression data on the stress responses of AtENODL genes (Supplemental Fig. 2 ; see Biosci. Biotechnol. Biochem. Web site). AtENODL1, AtENODL2, AtENODL18, and AtENODL22 responded well to several stress conditions, including osmotic and salt stress (Supplemental Fig. 1 ). There also might be functional redundancies here, because the atenodl1-1/ atenodl2-2 double mutants did not show phenotypes under osmotic and salt stress conditions (data not shown).
We did not observe a reduction in reproductive potential, which was observed by Khan et al., 17) in two homozygous T-DNA insertion lines of AtENODL9 in which the expression level of AtENODL9 was confirmed to be highly reduced (atenodl9-1) or null (atenodl9-3) (Fig. 4) . Khan et al. found that both atenodl9-1 and atenodl9-3 plants were null mutants, but phenotypic analyses were performed using only atenodl9-1 plants. 17) One explanation for the difference between our results and this previous report might be differences in growth conditions, continuous light in this study and short day in Khan et al. 17) Future work using several knockout lines of AtENODL9 are needed to determine whether AtE-NODL9 is required for reproduction in A. thaliana.
In conclusion, further genetic studies are needed to determine the biological functions of ENODLs, specifically, phenotype examination of the mutants under nonstandard conditions, and preparation of various sets of mutants (multiple knockout mutants, RNA interference lines with aborted expression of multiple ENODL, and ENODL-overexpressed plants). Determination of the biochemical properties of the PCNL-like domain of ENODLs should allow us to enhance our understanding of why these extracellular proteins evolved from classical Cu binding proteins in plants.
